Abstruct-For indoor wireless communication systems, radio frequency (RF) transceivers need to be placed strategically to achieve optimum communication coverage at the lowest cost. Unfortunately, the coverage region for a transceiver depends heavily on the type of building and on the placement of walls within the building. Traditionally, therefore, transceiver locations have been selected by human experts who rely on experience and heuristics to obtain the optimum (or near-optimum) placement. This paper describes an interactive software system that can be used to assist in transceiver placement. It is intended to be easy to use by individuals who are not experts at wireless communication system design. After the user has selected transceiver locations within a graphical floor plan, the system interprets the floor plan and uses simple path loss models to estimate coverage regions for each transceiver. These regions are highlighted, enabling the user to assess the total coverage. This paper describes the methodology used to compute the coverage regions for multifloored buildings and discusses the effect of interference sources. The resulting system is expected to be useful in the specification of indoor wireless systems.
at various locations within a building. WPBX's will provide ubiquitous access to telephone systems allowing anyone to use a portable telephone inside a building [ 171, [ 181. Implementation of wireless indoor systems in the low microwave bands (800 MHz-5 GHz) has sparked large interest in understanding the propagation of radio signals within and around buildings [3] . Many researchers have made measurements of radio waves and statistically modeled their results in several types of buildings for both single and multiple floors, with most of them being at 900 MHz [3]- [12] . Literature surveys of radio propagation into and within buildings are given in [14]-[17] .
A problem in designing a wireless system is that it can be difficult to determine how many transceivers are needed and where they should be placed within a building. For economic reasons and for radio spectrum conservation, transceivers should be strategically located so that only the desired areas of the building are covered, and so that neighboring coverage areas do not overlap significantly. Optimum placement of transceivers is complicated by the fact that indoor propagation losses are highly dependent on the type of building and on the locations and composition of walls within the building. This paper describes an approach for rapidly estimating wideband RF coverage regions within buildings. Ray tracing methods (e.g., [23] and [24] ) can be used to predict narrow- band power delay profiles, which may then be averaged over several ( 5 4 0 [4]) wavelengths to obtain the local wideband loss between the transmitter and receiver. However, instead of relying on traditional ray tracing methods which, although more accurate, are very slow, the approach described here uses simple distance-dependent and partition-dependent path loss models [2] . These models are sufficiently fast and accurate that they have been incorporated successfully into an interactive software package that can be used to visualize coverage regions in multifloored buildings. The system, known as the site modeling tool (SMT) [18] , has been developed as an extension of AutoCAD' and runs on a personal computer or workstation. The user can add, reposition, and delete transceivers, and can adjust communication parameters such as transmitting powers, carrier-to-noise thresholds, and operating frequency interactively. Fig. 1 shows an example floor plan ' AutoCAD is a trademark of Autodesk, Inc and the estimated coverage region for a single transceiver that has been computed by the SMT. The rest of this paper is organized as follows. Section I1 describes four user-selectable RF channel models that have been implemented in the SMT. Any of these can be used to estimate the signal strength at a receiving point some distance away from the transceiver. Section I11 presents the model used to determine communication feasibility for any point in a building for a given transceiver location. Because wireless systems tend to be interference-rather than noiselimited, their capacity and performance is ultimately limited by the interference from co-channel transmitters [ 171, [25] . The model presented here thus takes into account the carrier-tonoise as well as the carrier-to-interference level in determining communication feasibility. The algorithm for computing coverage regions is given in Section IV. Section V discusses the organization of the SMT software, and Section VI presents examples of program operation. Section VI1 contains further analysis of the effect of interference sources on RF coverage regions. Finally, Section VI11 summarizes the paper.
RF CHANNEL MODELS

A. Overview
A common model for estimating the mean path loss is VI, , [13] (1)
where d is the distance from the transmitter, PL(do) is the path loss at reference distance do, and n specifies the path loss behavior for a particular type of building. These and other parameters are summarized in Table I . The "exponent" n is multiplicative in (1) since loss is computed in decibels. In free space, n = 2. Experimentally obtained values for indoor environments vary considerably, from approximately two for line-of-sight (LOS) paths up to 6.5 for highly obstructed paths [15] . In microcellular and indoor environments, a reference distance (selected so that it lies in the far field of the transmitting antenna) of do = 1 m is typically used. For SMT, all signal levels are referenced to this distance as follows:
Furthermore, local large-scale path loss is often log-normally distributed about the mean power level described by (I) [13] .
That is
The standard deviation cr of the zero-mean log-normal random variable X , provides a quantitative measure of the variability of the model used to predict path loss.
Several researchers have attempted to modify (1) in order to obtain a better fit (smaller cr) to their measured data for different indoor environments. SMT incorporates the use of four channel models proposed by Seidel and Rappaport [2] . These models utilize relatively simple but strikingly accurate prediction rules to estimate the wideband signal loss between any two points inside a building based on the effects of walls, office partitions, floors, and building layout. Two of the models are valid when the transmitter and receiver are on the same floor, and the remaining two models apply when different floors are involved. In an interactive site modeling system, the user may choose which models to use. The remainder of this section briefly summarizes these four models.
B. Single-Floor Models
1) Distance-Dependent Path Loss Model:
This model uses (1) directly and does not depend explicitly on the partition locations in the floor plan. While using this model, the SMT allows the user to enter a value for n directly or to choose from a range of values for several building types.
2) Partition-Attenuation-Factor Path Loss Model: This model is similar to the one proposed in [20] for floors and walls. It assumes that the signal attenuates as in free space (n = 2) and attributes all additional path loss directly to intervening soft partitions and concrete walls , [lo] ) is chosen to account for the increased attenuation of intervening floors. This may be represented as follows:
log,, -.
) Floor-Attenuation-Factor Path Loss Model: This model
is also similar to the first model given in Section 11-B. However, the additional path loss caused by intervening floors is now added explicitly as the quantity floor-attenuation-factor
Typical values for FAF, which are a function of the number of intervening floors, are about 15 dB for one floor of separation and an additional 6-10 dB for every additional floor up to five floors. There is no significant increase in FAF for more than five floors of separation [16] . Based on the current body of literature, there appear to be no significant effects of frequency on path loss for the same floor models [2] . The values of FAF, however, have been observed to be smaller at 900 MHz than at 1.7 GHz by about 6 dB [8] .
COMMUNICATION FEASIBILITY MODEL
Communication feasibility at a given point is defined as the ability to receive a signal which exceeds the minimum required carrier-to-noise, receiver sensitivity, and (if any interference sources are present) carrier-to-interference thresholds by a specified margin, and which therefore allows acceptable communication quality. It relies heavily on estimates of path attenuation from the chosen RF channel model for specified and undesired transmitters on the given floor plan.
In order to determine whether communication is feasible, it is necessary to compare the received carrier power G and carrier-to-noise ratio CIN with the user-specified receiver sensitivity CInin and specified minimum required carrier-tonoise ratio (C/Nmln) at the point under consideration. The likely allocation of only a limited range of radio frequencies for a particular wireless indoor system will require extensive frequency reuse within buildings in order to support many users. Since co-channel interference is the dominating factor in limiting capacity, it is essential to understand, estimate, and incorporate its influence on the coverage regions. Therefore, if a number of single-tone interference sources (co-channel transmitters) are present, the received carrier-to-interference ratio (co-channel interference) C / I is compared with the minimum allowed value ( C/I)mln. Electromagnetic equipment such as computers, CRT's, elevators, TV's, and microwave ovens are often found near transceivers and add to the ambient noise. Therefore, the calculation of noise power N , in addition to thermal noise, also incorporates the effect of this environmental noise. Recent studies indicate that the mean power level of this noise is typically about 18 dB above the thermal noise floor at 900 MHz [19] .
Consider a transceiver with transmit power Pt and a receiving point at a distance dt from the transceiver. The carrier power C' at the receiving point is given by
and the white noise Pn present at the receiver input is given by where k = 1.38 x lopz3 J/K is Boltzmann's constant, T is the absolute room temperature in degrees Kelvin, and B is the RF channel bandwidth in Hz. Also consider the effect of environmental noise P, on the carrier-to-noise ratio. The total noise power at the receiving point is therefore
1 mW and the overall input carrier-to-noise ratio is given by C I N , using (2) and (3). Now consider n single-tone interference sources, each transmitting with power P, (i = 1; 2, . . . , n) and at a distance d, from the receiver. The interference power 1, at the receiver due to any single interference source is given by
We assume that interferers may be added on a power basis. The total interference power at the receiving point due to all
_. . receive filter characteristics. The overall received carrier-tointerference ratio at the receiver input can now be written as C / I , using (2), (4), and (5).
Finally, let us define variables U , V, and w as follows:
Depending on the exact specifications of ( c /~)~~~, cmin, and N , the smaller of the coverage regions of U and w determines the area of influence of the transceiver. In Sections IV and V, we assume that U < w at any given point. Since U will always, therefore, violate (10) before W will, it defines the limit of the transceiver's region of influence, and W can be ignored. If W were greater than U , we could simply substitute
W for U at all steps in the following analysis.
Communication is deemed feasible at a point if the following condition is satisfied:
Iv. CALCULATION OF COVERAGE REGIONS
By definition, the coverage region for a transceiver is the set of nearby points for which communication is feasible, as determined by (9) in the previous section. We assume that signals propagate equally in all directions from a transmitter. The default coverage region is, therefore, circular for a given floor (or spherical if three dimensions are considered). When interference sources are present, or when walls are present and the partition-dependent path loss model is used (Section II-B), the default circular shape is perturbed according to the appropriate attenuation factors and C/I thresholds. The method developed in this section assumes that the coverage regions determined by (9) are connected sets without holes-no "islands" are present in a coverage region and a single coverage region is never subdivided into separate, noncontiguous regions. (These are safe assumptions in most practical situations; Section VI1 discusses additional cases.) With these assumptions, the boundary of the coverage region will be a simple closed curve and communication will be feasible for every point enclosed by the curve. Since the exact shape of the coverage region is not known in general, a search must be performed to locate points on (or near) the boundary. These points may be interpreted as the vertices of a polygon which closely approximates the boundary of the predicted coverage region.
The approach used by the SMT is to search for boundary points along lines that radiate from the transceiver's location. The search lines are uniformly spaced in angle about the transceiver. The first vertex is located by searching outward from the transceiver, beginning at reference distance do and proceeding until communication is no longer feasible. Each subsequent vertex is found by proceeding in counterclockwise order from the initial point and by beginning the search at the same distance from the transceiver as for the previous vertex.
Normally, the system determines 36 boundary points. The number of points is user-selectable, but it is computationally prohibitive to increase the number of points substantially.
V. SMT ORGANIZATION
The SMT has been developed as an extension to AutoCAD. This system was chosen because it is well suited for the interactive capture and display of building floor plans, as well the fact that many architects provide floor plans in this form.
All SMT software has been written as C-language functions that are accessed through AutoCAD's user interface.
The SMT is organized as five relatively independent modules, as shown in Fig. 2 . The environment description module contains all available information about the building, including placement and type of walls, transceiver locations, interference source locations, and related communication parameters. The RF channel module predicts path loss, using the appropriate user-selected model from Section 11. The communication module combines path loss predictions with additional information to predict the ability to communicate at a given point in the building (Section 111). The site coverage module computes polygons which approximate the boundaries of coverage contours, as explained in Section IV. The output from this module is a plot of the boundaries of the coverage regions. Finally, the user interface module is concerned with all entry and display functions of the SMT. It interacts with the user, 
VI. EXAMPLES OF OPERATION
The SMT has been evaluated with several floor plans, all of which were provided to us as AutoCAD files. In most cases, architectural drawings should be simplified somewhat before invoking the SMT. For example, lines and arcs which represent stairs, doors, and outside walkways should be removed or transferred to separate AutoCAD "layers" to improve accuracy and processing speed.
Refer again to the floor plan that appears in Fig. 1 . This is the simplified drawing of one floor in Whittemore Hall on the Virginia Tech campus, and contains several offices, classrooms, and storerooms. Overall dimensions of the building as shown are 57 m x 91 m. The user has initiated the SMT and has placed a transceiver (represented by U) in a hallway of the building. The resulting coverage region for this transceiver is indicated by two bold contours with a dotted fill pattern. The inner and outer contours represent "safe" and "marginal" Even a small change in transceiver or interferer placement can alter the shape of the coverage region dramatically. Fig. 3 illustrates this with a small change in transceiver position and by adding a single-tone interferer (represented by 0). The system has located 36 vertices, resulting in the coverage contours shown. If the interference source were removed, the coverage region would completely enclose the large classroom.
The floor plan for a different building appears in Fig. 4 . In this case, the user has placed three transceivers and their coverage regions are highlighted. This could represent a first attempt by a system designer to obtain complete coverage for the floor. After viewing these regions, the user would adjust their locations and consider adding a fourth transceiver to obtain complete coverage.
VII. THE EFFECT OF INTERFERENCE SOURCES
As illustrated in the previous section, interferers can have a significant effect on the shape and size of a transceiver's coverage region. This section provides additional insight by investigating this effect analytically. In order to simplify the analysis, we ignore partition losses and use the distancedependent path loss model (1). With this model, the coverage region of the transceiver and the interferer's influence region are both circular. In spite of this simplification, the results presented here are helpful on an intuitive level, and can be used in the future to improve the performance of the SMT and other site-specific modeling tools. This section considers the interaction between a single transceiver and a single interferer. We assume that the interferer operates at the same frequency as the transceiver (i.e., we ignore the transceiver receive filter characteristics) and that the signal propagation characteristics are the same. We will dcmonstrate that the effect of interferers can be modeled surprisingly easily by looking at the intersection between two circles of various diameters and relative positions.
Without loss of generality, assume that the transceiver is located at the origin of the two-dimensional Cartesian coordinate system, and assume that the interferer is located at (rc, y) = ( x I , 0) on the same floor. Figs. 5 and 6 are contour plots of U (6) and V (7), respectively, using the parameter values listed in Table 11 , x , = 40 m, and a transmission frequency of 900 MHz. (The subsequent plots will also assume these values.) The plot in Fig. 5 represents a positive peak in U centered at the transceiver. For V in Fig. 6 , the plot represents Having established that the contours determined by U = ut and V = ut are both circular, it becomes a relatively simple matter to determine coverage regions for a transmitterlinterferer pair. First, define the (circular) regions s, = From (9), assuming that W can be ignored, the composite coverage region for which communication is possible is an intersection S,, n S,, with appropriate choices for ut and vt. circular disk at the right represents the "interference zone" s,, .
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For large ut thresholds, S, is completely contained in S,, as illustrated in Fig. 8(a) . When u t is reduced to u t 2 , Fig. 8(b) , the contours U = ut and V = vt touch at a single point. For ut < ut2, the region S, n S,, depends on the intersection of two circular regions [ Fig. S(c) ]. For ut 5 ut4, S, completely encloses 3, [Fig. 8(d) and (e)]. Fig. 10 , where S, and S, are both inside their respective circular borders. For large ut thresholds, S,, is completely contained in S,. When ut is reduced to ut7 [ Fig. lO(b) ], the contours U = ut and V = ut touch at a single point. For ut < ut7, the region S, OS,, once again depends on the intersection of two circular regions [ Fig. lO(c) ]. For ut 5 ut9, S, completely encloses S,,, and the coverage region can be given only by S,; [Fig. lO(d) and (e)].
Notice that the shape of S, progresses from the outside of a circle which contains the interferer (Fig. 8) , to the inside of a circle which contains the transmitter (Fig. 10) . It is also possible to find an intermediate value, ut = -6 dB for the values in Table 11 , which results in S, comprising the entire left-half plane with the linear boundary LC = zi/2. In this case, for large ut, S,, is completely contained within S,. For smaller ut (<ut13), the coverage region is again given by Figure 11 is a plot of the resulting coverage area as a function of U for several selections of ut. The solid curves s, n so.
indicate the actual coverage area S,, S, which differs from the theoretical coverage area S, (shown by the dotted curve) that would have been obtained had no interferers been present. The different curves in Fig. 11 are of two fundamental types. The upper two plots correspond to Figs. 7 and 8, and asymptotically increase as rapidly as the theoretical coverage area.
The lower two plots (those which become constant as U approaches zero) correspond to the case of Figs. 9 and 10.
The plot in the middle of Fig. 11 corresponds to the limiting case for which S,, is formed by the entire left half plane.
While using SMT, it has been observed that the coverage region shown in Fig. 10 (e) occurs most commonly for practical parameter values. The situation in Fig. 1O(c) is also frequently encountered. For sufficiently small values of vt (less than 0 dB, also practically achievable), the regions shown in Fig. 8(c) and (e) can also result, although SMT is not currently capable of detecting the situation in Fig. 8(e) . This is a subject of ongoing work.
It is easy to see that a change in any parameter listed in Table I1 will modify the corresponding circle(s) defined by U = ut andor V = v t . It is apparent that for practical values of v t , the coverage area (and therefore, overall system capacity) is dramatically influenced by the interferer.
VIII. SUMMARY
This paper has described a new visualization tool that can be used to predict coverage areas for wireless communication systems within buildings. The system permits the user to place transceivers and interference sources interactively within a floor plan that has been generated using AutoCAD. After placement, the user can direct the system to compute coverage areas which are highlighted directly on the floor plan. Coverage areas are calculated as a function of transceiver and interferer parameters, locations of walls and soft partitions, and building type. For versatility, all parameters are user-selectable. The system supports both single-floor and multifloor buildings.
In order to make the SMT interactive, relatively simple propagation models have been implemented. These models do not require computationally intensive techniques such as ray tracing. Instead, they depend only on distance and the number of intervening building partitions. The models were developed using extensive empirical measurements in an earlier work [2] and provide useful results in many environments.
The effect of interference sources on the coverage regions of a transceiver were also investigated here. We observe that the presence of interferers in the vicinity of a transceiver can dramatically alter its coverage region.
The SMT is simple to use, it accommodates many different types of buildings, and it provides visual feedback that is intuitive and easy to understand. It can be used to rapidly design and help install systems, and thus satisfies an important need for system designers of indoor wireless systems. Currently, work is in progress to incorporate path loss measurements and directional antennas into the system.
